We investigated the effects of Mn and S on the mechanical properties of flake graphite cast iron in detail, specifically, hardness, tensile strength, elongation, impact value, deflection, and transverse load. We also investigated the cause. With increasing Mn amount for a constant S content, a transition point appears for each mechanical property. That is, hardness, tensile strength and transverse load become the smallest, and elongation, impact value and deflection become the largest. The mechanical properties of flake graphite are determined by the intervention of four actions; MnS nucleation action, interfacial energy action of soluble S, action of soluble S and soluble Mn to eutectic solidification temperature and pearlitization action of soluble S and soluble Mn. These four actions are thought to be negated by the formation MnS, resulting in the presence of the transition points. In addition, Mn and S amount showing the transition point demonstrate the best type A graphite shape.
Introduction
The effect of sulfur (S) in flake graphite cast iron has been discussed from four kinds of viewpoint as follows; (a) viewpoint of graphite nucleation, 13) (b) viewpoint of mechanical property, 1, 4) (c) viewpoint of interfacial energy between growing graphite and liquid, 59) (d) viewpoint of eutectic solidification temperature.
1012)
With the viewpoint of graphite nucleation, Horie studied on gray cast iron, 1) Horie 2) and Igarashi 3) studied on ductile iron. Both studies confirm that there is sulfide at the core of the graphite. Therefore, if sulfur amount decreases extremely, graphite nucleation ability becomes lower in gray cast iron and in ductile iron.
Nakae discusses from the viewpoint of mechanical property. 4) According to Nakae's study, the Relative Hardness becomes the smallest on the following equation condition; Mn% = 1.7 © S% + 0.3. (Here, Relative Hardness was suggested factor by Patterson 13) that it should be the smallest in the best material.) Horie reported that chill depth becomes the smallest on the following equation condition; Ce(added amount)% = 2 © S(base iron)%. 1) The effect of sulfur (S) which has been discussed from the viewpoint of interfacial energy between growing graphite and liquid is as follows. In the case of extremely high S amount in gray cast iron, S segregates on the interface between solid and liquid, and hinders the eutectic cell growth, so graphite shape becomes undesirable one. In the case of optimum S amount, as S adheres to the graphite prism plane and the interfacial energy between growing graphite and liquid decreases, so graphite tip sticks into melt and grows easily during the eutectic cell growth. Therefore, graphite branching decreases and type A graphite forms. In the case of extremely low S amount, as the interfacial energy between growing graphite and liquid increases, austenite grows easily during the eutectic cell growth. Therefore, graphite branching happens easily and type D graphite forms. 8, 9) From these results, it can be inferred that there is an optimum amount of Mn and S in gray cast iron.
Kanno discusses from the viewpoint of eutectic solidification temperature.
1012) According to Kanno's study, in almost all the cases, graphite eutectic temperature (TEG), cementite eutectic temperature (TEC) and the difference between them (DTE) change linearly with increasing the amount of element. However, in the case of S or sulfide forming elements such as Mn or RE, they do not change the temperatures linearly but show a transition point.
As mentioned above, there are many studies on the interaction between S and sulfide forming elements. However, as for the effect on the mechanical property, there is only one study, that is Nakae's study. 4) In this paper, we investigated the effects of Mn and S on the mechanical properties of gray cast iron in detail, specifically, hardness, tensile strength, elongation, impact value, deflection and transverse load. We also investigated the optimum amount of Mn and S in gray cast iron. Table 1 shows the target chemical compositions of this experiment. The basic composition is as follow: C3.2%, Si1.7%, Mn0.75%, P0.07%, S0.05%. By using 3000 Hz induction furnace, we made 50 kg cast iron melt. With fixing the S content of the melt as 0.010%, 0.020%, 0.025%, 0.030%, 0.050%, 0.100%, 0.200%, 0.300%, we changed Mn content respectively. After holding the melt at 1400°C in the furnace, with inoculating 0.2% simultaneously, we poured the melt into the following test piece (T.P); (a) diameter 30 © high 300 mm T.P for tensile test, (b) diameter 30 © high 600 mm T.P for transverse test, (c) T.P for Emission Spectrochemical Analysis.
Experimental Procedure
With diameter 30 © high 300 mm T.P, we did tensile test, Brinell hardness test and Sharpy impact test (Non-Notch). In the tensile test, in order to measure elongation value precisely, we attached strain gauge to the tensile T.P (Diameter 20 mm, Parallel length 20 mm), as shown in Fig. 1(a) . With diameter 30 © high 600 mm T.P, we did transverse test, and measured transverse load and deflection.
Experimental Results
Figures 2³4 show the relationship between Mn% and mechanical properties (hardness, tensile strength, elongation, impact value, deflection and transverse load) for S0.05 samples.
In all the graphs, a transition point appears on 0.45%Mn. Tensile strength and transverse load which are generally in proportion to hardness become the smallest at this transition point. To the contrary, elongation, impact value and deflection which are generally in inverse proportion to hardness become the largest. Figure 5 shows the relationship between Mn% and microstructure for S0.05 sample of diameter 30 © high 300 mm T.P. Here, [S%] means a soluble S amount calculated with eq. (5) (discussed later in Sec. 4.1). In the case of 0.2% Mn (a), due to the high [S%], the eutectic cell growth is hindered, so graphite shape becomes bad. To explain clearly this phenomenon, the microstructure for 0.30%Mn and 0.3%S is shown in Fig. 6 . 12) Due to the extremely high [S%], the eutectic cell growth is hindered and graphite grows in a large curve. In addition, as the eutectic cell growth is hindered, much steadite are seen between eutectic cells and micro-shrinkages are also seen, in spite of common amount Figures 7³10 show the relationship between Mn% and mechanical properties (hardness, tensile strength, elongation and impact value) for various S content samples. Like as in Fig. 2³ in Fig. 4 , some transition points appear with increasing Mn amount, in all the graphs. Hardness and tensile strength become the smallest at the transition point. To the contrary, elongation and impact value become the largest at the transition point. Focusing on the transition points, as S content increases, the transition point shifts to the right. The mechanical properties become good abruptly up to 0.03%S but become gradually bad if S content exceeds 0.03%. Figure 11 shows the influence of Mn and S contents on tensile strength transition points, which are arranged from the data of Fig. 8 . By connecting all the transition points, a new transition point appears near S0.03%, Mn0.032%. The same tendency is shown in all the mechanical properties, by connecting all the transition points.
As shown in Fig. 2³Fig. 4 and in Fig. 7³Fig. 10 , if Mn content increases on a constant S content, a transition point appears. With increasing Mn amount for various S content, many transition points appear. By connecting all the transition points, a new transition point appears near S0.03%, Mn0.32%. At the new transition point, the graphite shape becomes the best type A. In addition, hardness and tensile strength become the highest, and elongation and impact value which conflict with these properties also become the highest. Because all the mechanical properties become excellent, we can consider that this transition point (0.03%S, 0.32%Mn) shows the most excellent combination between Mn and S content. Figure 12 shows the relationship between Mn% and S% at the transition points. Up to 0.05%S, there is a relationship between Mn% and S% at the transition points, Mn(%) = 9.4S(%). If S exceeds 0.05%, there is a relationship between Mn% and S% at the transition points, Mn(%) = 1.7S(%) + 0.4. This relationship, Mn(%) = 1.7S(%) + 0.4, is nearly same as that of Nakae (Mn(%) = 1.7S(%) + 0.3) which was obtained from the viewpoint of mechanical property, and is also the same as that of Kanno (Mn(%) = 1.7S(%) + 0.4) which was obtained from the viewpoint of eutectic solidification temperature. 10) 
Discussions
As shown in Fig. 2³Fig. 4 and in Fig. 7³Fig. 10 , if Mn content increases on a constant S, a transition point appears. With increasing Mn amount for various S compositions, many transition points appear. As shown in Fig. 11 , by connecting all the transition points, a new transition point appears near S0.03%, Mn0.32%. It is thought that the transition point appears due to the interaction between [S] and [Mn] . The detail explanations are as follows.
Calculation method for [S%] and [Mn%]
Okada investigated, if in gray cast iron MnS forms or not on the microstructure. As shown in Fig. 13 , Okada confirmed that MnS does not form on the condition of S% © Mn% < 0.01%. 14) From this relationship, the critical point forming MnS becomes eq. (1) ([S%] © [Mn%] = 0.01%). In addition, there is a molecular ratio, Mn/S = 1.71. From these relationships, eqs. (1) to (4) (5) Table 2 
Effect of [S%] and [Mn%] on the mechanical properties

Optimum amount of S and Mn in gray cast iron
Conclusion
We investigated the effects of Mn and S on the mechanical properties of gray cast iron in detail, specifically, hardness, tensile strength, elongation, impact value, deflection and transverse load.
(1) With increasing Mn amount for a constant S content, a transition point appears on each mechanical property. Hardness, tensile strength and transverse load become the smallest at this transition point. Elongation, impact value and deflection become the largest. This transition point is caused by MnS formation. (2) With increasing Mn amount for various S content, many transition points appear. When these points are connected, a new transition point appears near S0.03% and Mn0.32%. Excellent mechanical properties are seen, at this new transition point. That is, hardness and tensile strength become the highest, and elongation and impact value which conflict with these properties also become the highest. This transition point of transition 
